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Atherosclerosis arises from an excessive fibroprolifera-
tive-inflammatory response to injury of the artery wall
and typically evolves over decades (1). Smooth muscle
cells play a central role in the development of athero-
sclerotic lesions. Their ability to migrate from the
medial compartment of the artery wall to the intima,
where they proliferate, accumulate lipid, and generate
extracellular matrix, is key to the development of occlu-
sive vascular lesions.

A common intervention for treating arterial
blockage is percutaneous transluminal coronary
angioplasty, in which an inflatable balloon is posi-
tioned at the site of arterial narrowing and used to
physically disrupt the local atherosclerotic plaque.
While angioplasty usually provides immediate
symptomatic relief, its longer-term benefits are lim-
ited in a large proportion of cases (30–50% within 6
months) because the treated artery once again nar-
rows at the site of inflation (2). This process, termed
restenosis, involves elastic recoil, in the first
instance, followed by extensive replication and
remodeling — mainly by smooth muscle cells, which
lay down matrix and eventually decrease luminal
diameter at the site of ballooning. Most angioplas-
ties are now performed in conjunction with the
local deployment of metallic stents (3), which pro-
vide structural support in the reopened vessel by
helping to prevent vascular recoil (4, 5).

Pharmacologic agents able to decrease the incidence
of restenosis in human subjects are extremely limited,
with antiplatelet glycoprotein IIb/IIIa receptor antag-
onists (inhibitors of platelet aggregation and throm-
bus formation) providing most utility. Intracoronary
radiation, antioxidants, and growth factor antagonists
have also shown promise as inhibitors of restenosis (6).
The hunt for efficient inhibitors of restenosis remains
an ongoing challenge. Here, I review the transcrip-
tional control of specific genes that regulate smooth
muscle cell biology, and I discuss the use of novel
nucleic acid–based therapeutics that might be
employed at the time of treatment to block restenosis
over the long term.

Activation of Egr-1 in response to injury
Cell movement, proliferation, and extracellular matrix
deposition in the injured artery wall are mediated by the
local activity of growth factors, cytokines, and other regu-
latory molecules. Mechanical injury activates signaling and
transcriptional pathways that converge at the promoters
of many genes whose products then influence the devel-
opment of lesions. Insights into the molecular mecha-
nisms associated with the transcriptional response to
injury derive from a wealth of rat and other animal studies
involving balloon catheter injury. As seen in these models,
injury to the artery wall results in the rapid activation of
mitogen-activated protein kinase subclasses, such as extra-
cellular signal–regulated kinase (ERK) and stress-activated
protein kinase/c-Jun NH2-terminal protein kinase (JNK),
as well as a multitude of transcription factors (Table 1),
including early growth response factor-1 (Egr-1) (7, 8).
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Figure 1
Model of Egr-1–dependent response to injury. Injury to vascular cells
releases preformed endogenous growth factors (such as FGF-2), which
activate Egr-1 gene expression in a paracrine manner via mitogen-acti-
vated protein kinases (MAPKs). Egr-1 protein can, in certain promoters,
displace Sp1 from overlapping binding sites and increase the expression
of pathophysiologically relevant genes whose products contribute to
neointima formation. R, receptor.



PERSPECTIVE SERIES

Bruce A. Sullenger, Series Editor

Nucleic acid therapeutics

1190 The Journal of Clinical Investigation | November 2000 | Volume 106 | Number 10

Egr-1 (also known as NGFI-A, zif268, Krox24, and
TIS8) is an immediate-early gene product and tran-
scription factor (9) expressed at low or undetectable
levels in the normal artery wall (8, 10, 11). Within min-
utes of mechanical injury, Egr-1 is induced in vascular
smooth muscle cells and endothelial cells (8, 10, 11),
where it binds to specific G/C-rich nucleotide recogni-
tion elements in the promoter regions of certain genes,
facilitating RNA polymerase II–dependent transcrip-
tion. A growing list of pathophysiologically relevant
genes are known to be targets of Egr-1 transactivation
(see Table 2). The interaction of Egr-1 with several of
these promoters involves the displacement of pre-
bound Sp1 from common binding sites (8) (Figure 1).
Interplay between Egr-1 and this “housekeeping” tran-
scription factor may be a regulatory circuit common to
the inducible expression of many genes. Activation of
the Egr-1 promoter, like that of c-fos, depends on coop-
erative interactions between serum response and ter-
nary complex factors at serum response elements
(SREs), which are, in turn, governed by the activity of
mitogen-activated protein kinases (12). The Egr-1 pro-
moter bears six SREs, compared with one in the c-fos
promoter (12).

The activation of Egr-1 by injury may be the conse-
quence of the local activity of factors resident in the
artery wall (Figure 1). FGF-2, a mitogen and chemoat-
tractant, is only inefficiently exocytosed and thus
resides preformed in arterial cells. Levels of immunore-
active FGF-2, but not those of TGF-β or P-selectin,
increase transiently in close proximity to atheroscle-
rotic lesions in humans undergoing coronary stenting
(13). Elevated FGF-2 levels have also been detected in
the coronary sinus after angioplasty (14). Antibody
blockade experiments indicate that the induction of
Egr-1 after injury may be due to the release and local
paracrine activity of endogenous FGF-2 (15).

Transcriptional regulators like Egr-1 are, in general,
transiently expressed in the vasculature following
injury. How these transcription factors and the genes
they control are switched off after induction is poorly
understood. The NGFI-A–binding proteins NAB1 (16)
and NAB2 (17) repress Egr-1 activity via direct protein-
protein interactions. NAB1 is constitutively expressed
in most tissues, whereas NAB2 is weakly expressed and

is induced by conditions that transiently upregulate
Egr-1, including growth factor exposure (17) and vas-
cular injury (18). In transient transfection experiments,
overexpression of NAB2 inhibits Egr-1–dependent gene
expression in vascular smooth muscle cells (18). The
effects of Egr-1 can be offset by other transcriptional
regulators that interact specifically with promoter ele-
ments in various Egr-1 target genes. For example, the
transcription of PDGF-A, an Egr-1–dependent gene, is
repressed by the inhibitory activity of GC factor 2
(GCF2), which is itself induced in the rat carotid artery
wall following balloon injury (19). GCF2 competes
with Egr-1, and other positive regulatory factors such
as Sp1 and Sp3, for overlapping promoter binding sites
in the PDGF-A promoter. Thus, GCF2 and the NABs,
among other transcriptional repressors, may influence
the course of gene expression in the artery wall after
injury by antagonizing the activity of Egr-1.

Egr-1 as a therapeutic target in restenosis
For a number of reasons, Egr-1 seems to offer an ideal
target for therapeutic intervention to block resteno-
sis. First, Egr-1 is poorly, if at all, expressed in the
uninjured artery wall but is rapidly upregulated by
mechanical injury (7, 8, 10). Second, Egr-1 controls
the expression of a large number of genes whose prod-
ucts are implicated in the development of vascular
lesions and associated complications — factors that
modulate migration, proliferation, extracellular
matrix production, intercellular adhesion, and throm-
bosis (Table 2). Third, besides injury, Egr-1 is activat-
ed by multiple external stimuli that may contribute to
the pathogenesis of atherosclerotic and postangio-
plasty restenotic lesions (Table 3). These diverse influ-
ences may affect vascular remodeling and hyperplasia
in atherogenesis, restenosis, hypertension, and
ischemia reperfusion. Finally, Egr-1 and a large num-
ber of Egr-1–dependent genes have recently been
detected in human atherosclerotic lesions. Immuno-

Table 1
Transcription factor expression modulated by mechanical injury to the
artery wall

c-Fos Ets-1
c-Jun Egr-1
c-Myc GCF2
c-Myb Gax
NF-κB p53

References for this table are listed in the supplementary reference list at
http://www.jci.org/cgi/content/full/106/10/1189/DC1.

Table 2
Various Egr-1–dependent genes

Apolipoprotein AI
CD44
FGF-2

Fibronectin
Intercellular adhesion molecule-1

Membrane type-1 matrix metalloproteinase
Plasminogen activator inhibitor-1

Platelet-derived growth factor A-chain (PDGF-A)
PDGF-B

Tissue factor
TGF-β
TNF-α

Vascular endothelial growth factor receptor Flt-1

References for this table are listed in the supplementary reference list at
http://www.jci.org/cgi/content/full/106/10/1189/DC1.



histochemical analysis revealed that Egr-1 is expressed
primarily in smooth muscle cells in the fibrous cap
mostly in areas of macrophage infiltration, as well as
in endothelial cells (20).

Antisense oligonucleotides
Strategies that selectively target and inhibit regula-
tory transcription factors associated with the
increased expression of pathophysiologic genes may
be therapeutically useful in vascular disease. Anti-
sense oligonucleotides represent useful molecular
tools to investigate the roles played by specific gene
products in certain disease settings. These molecules
hybridize with their complementary target site in
mRNA, blocking translation to protein either by ster-
ically inhibiting ribosome movement along the
mRNA or by triggering cleavage by endogenous
RNase H (21). Adsorptive endocytosis and pinocyto-
sis likely account for oligodeoxynucleotide internal-
ization in most cell types (22).

Antisense oligonucleotides, especially those that are
stabilized by the use of phosphorothioate, rather than
phosphodiester linkages, have been used to block
neointima formation in various vascular models. Inti-
mal growth following injury is suppressed by oligonu-
cleotides targeting c-Myb, c-Myc, NF-κB p65, cdk2,
and cdc2 kinase/proliferating-cell nuclear antigen
(23). A major concern in the use of phosphorothioate-
linked antisense oligonucleotides is nonspecific bio-
logical effects. Oligomers carrying stretches of G
nucleotides form an unusual structure called a G-
quartet, which can interact in a sequence-independ-
ent manner with diverse proteins, including growth
factors, signaling molecules, enzymes, and compo-
nents of the extracellular matrix (22). Clearly, howev-
er, such interactions do not account for all of the bio-
logical effects of phosphorothioate oligonucleotides,
since oligonucleotides that do not form G-quartets
can inhibit intimal thickening following balloon
injury in animal models. Another concern with phos-
phorothioate-containing oligonucleotides is that,
although they increase resistance to nucleases, they
decrease the thermodynamic stability of RNA-DNA
hybrids and may compromise biological efficacy. For
example, phosphodiester antisense c-myb oligonu-
cleotides inhibit smooth muscle cell proliferation in
vitro 30-fold more potently than their phosphoroth-
ioate counterparts.

A single endoluminal delivery of the native oligonu-
cleotide inhibits neointimal hyperplasia after angio-
plasty to the pig coronary artery (24), but efforts to
reduce the extent of intimal hyperplasia using the anti-
sense oligonucleotide approach in humans have so far
been disappointing. For instance, in the randomized
ITALICS trial (25), antisense c-myc oligonucleotides
delivered endoluminally had no significant effect on
the incidence of in-stent restenosis.

Catalytic RNAs
The capacity of RNAs to catalyze chemical reactions in
conformation-dependent manner has been known for
almost two decades (ref. 26; and see Usman and Blatt,
this Perspective series, ref. 27). Currently there are five
major RNA catalytic motifs derived from naturally
occurring ribozymes: the hammerhead, hairpin, group
I intron, ribonuclease P, and hepatitis delta viral
ribozymes. Ribozymes can hydrolyse, transfer, or form
RNA phosphodiester linkages (28). Ribozymes may be
introduced exogenously or produced by target cells
after gene transfer.

Ribozymes have been assessed for their ability to
block intimal thickening. For example, c-myb
ribozymes delivered to the rat carotid artery via a repli-
cation-deficient adenovirus inhibit neointima forma-
tion after balloon angioplasty (29). The wider use of
ribozymes as therapeutic agents in the vessel wall has
been limited by their susceptibility to enzymatic
hydrolysis in biological media, although the capacity to
introduce site-specific modifications into chemically
synthesized ribozymes improves stability. For example,
Frimmerman et al. (30) found that the serum half-life
of a chimeric DNA-RNA hammerhead ribozyme,
designed to inhibit neointimal thickening upon coro-
nary stenting by targeting proliferating cell nuclear
antigen, was 4 minutes, compared with one composed
entirely of RNA, which had a half-life of only a few sec-
onds. Other modifications that enhance the nuclease
resistance of synthetic ribozymes include substitution
of the 2´-hydroxyl groups with 2′-amino, 2′-fluoro, or
2′-O-methyl moieties (see Usman and Blatt, this Per-
spective series, ref. 27), but these may compromise cat-
alytic activity.

Catalytic DNAs
In recent years, catalytic nucleic acids composed entire-
ly of DNA have been generated by in vitro selection
strategies (see Hicke and Stephens, this Perspective
series, ref. 31; and White et al., this series, ref. 32). These
molecules ideally combine the catalytic activity of
ribozymes with the stability of oligodeoxynucleotides.
Among the first deoxyribozymes, or “DNAzymes,” were
a Pb2+-dependent ribonuclease, a DNA ligase, Mn2+-,
Mg2+-, and Zn2+-dependent ribonucleases, a Ca2+-
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Table 3
Various activators of Egr-1

Fluid biomechanical forces
Growth factors

Cytokines
Peptide hormones

Hypoxia
Ultraviolet light

References for this table are listed in the supplementary reference list at
http://www.jci.org/cgi/content/full/106/10/1189/DC1.



dependent ribonuclease, and a porphyrin metallation
catalyst (33). Most of these DNAzyme subtypes proved
inefficient at cleaving target sequences consisting of a
more biologically relevant all-RNA substrate, rather
than a chimeric DNA-RNA substrate. Against this
background, a highly efficient RNA-cleaving phospho-
diester-linked DNAzyme was identified from a popu-
lation of 1014 different DNA molecules after multiple
successive rounds of selective amplification in vitro
(34). The “10-23” DNAzyme (Figure 2), so called
because it was the 23rd clone of the 10th cycle of in
vitro selection, comprises a Mg2+-dependent catalytic
domain composed of 15 deoxynucleotides, flanked by
two substrate recognition arms each composed of 7–8
bases that bind to target RNA through Watson-Crick
base-pairing. The DNAzyme cleaves a specific phos-
phodiester linkage between an unpaired purine (A, G)
and a paired pyrimidine (C, U), producing two prod-
ucts, one containing a 2′,3′-cyclic phosphate terminus
and the other a 5′-hydroxyl terminus. DNAzymes based
on the 10-23 design may be “custom-made” to target
specific sites in virtually any messenger RNA, with
sequence specificity conferred by the choice of bases in
its arms. Such DNAzymes can discriminate between
even subtle differences in RNA sequence (35).
Kuwabara et al. compared the catalytic activity of
DNAzymes and hammerhead ribozymes targeting bcr-
abl RNA and found greater target flexibility and
sequence specificity of DNAzymes in this system (36).

DNAzymes are extremely versatile and efficient cat-
alytic molecules. For example, DNAzymes with the
same catalytic domain, but with different, 7-nucleotide-
long arms of equal length (i.e., 7×7DNAzymes), cleave
synthetic RNA bearing the translational initiation sites
of HIV-1 gag/pol, env, nef, tat, and vpr (34). Under opti-
mized reaction conditions, the gag/pol DNAzyme exhib-
ited a catalytic rate constant (kcat) of approximately 0.1
min–1 with Michaelis-Menten constant (Km) values in
the subnanomolar range and catalytic efficiencies
(kcat/Km) of about 109 M–1min–1 (34). These values com-
pare favorably with those of ribonuclease A (as meas-
ured using UpA as a substrate) and various hairpin and
hammerhead ribozymes, whose catalytic efficiencies fall
in the range of 107–108 M–1min–1 (34). The catalytic rate
of 10-23 improved with pH and increasing concentra-
tions of divalent metal cations (34, 37–39). These ions
may serve to hold the DNAzyme in its active conforma-
tion, stabilize the transition state of the reactants,
and/or shield the negative charges on the oligonu-
cleotide, allowing more efficient duplex formation. The
rate-limiting step of DNAzyme catalysis, determined by
turnover experiments, is the rate of RNA-DNA
hybridization, rather than the release of the cleavage
products (34).

DNAzyme catalytic efficiency and target specificity
depend upon the length and nature of the substrate-
recognition arms (34, 37). For example, the catalytic

efficiencies of 10-23 DNAzymes targeting the AUG
codon of c-myc mRNA can be improved by employing
an 8×8 or 9×9 structure in place of a 7×7 type (40). A
3′,3′-linked base inversion, which has previously been
used to increase the half-life of hammerhead ribozymes
in serum (41), reduces cleavage efficiency of the 7×7 c-
Myc subtype (11, 40) but increases efficiency in the 9×9
subtype (40). Sioud and Leirdal (42) report that the sta-
bility in serum of a 10-23 DNAzyme (8×8) containing
a 3′ inverted T targeting protein kinase C-α is six times
greater than that of its unmodified counterpart,
despite similar kcat values. A complete phosphoroth-
ioate version of this DNAzyme enjoys superior stabili-
ty but shows >100-fold lower cleavage activity than its
counterpart carrying phosphodiester linkages.

The performance of 10-23 DNAzymes has been
demonstrated in a number of in vitro biological sys-
tems (Table 4). First, a 7×7 DNAzyme targeting the
A916UG in the mRNA for the HIV-1 chemokine core-
ceptor CCR5 cleaved its target in vitro and inhibited
cell membrane fusion activity (38). Second, 7×7
DNAzymes directed at A6339UG (39) and A7212UU (43)
in HIV-1 env cleaved synthetic mRNA and inhibited cell
fusion activity (39) as well as HIV-1 virus infection and
replication (43). Third, 8×8 DNAzymes targeting G9CC
and A421UG in the Huntingtin mRNA cleaved in vitro
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Figure 2
Schematic representation of a 10-23 DNAzyme with 9×9 arms and mod-
ified 3′ terminus. The top panel demonstrates how a DNAzyme can be
targeted to cleave the phosphodiester linkage between a selected
unpaired purine (uPu) and a paired pyrimidine (Py) by virtue of the
nucleotide sequence in its 5′ and 3′ arms, which bind the mRNA through
Watson-Crick pairing. The 3′,3′-linked inverted T significantly improves
resistance to degradation in biological media. The bottom panel shows
the DNAzyme targeting the translational start site of rat Egr-1 mRNA.
DNAzyme-dependent cleavage of this sequence can inhibit vascular
smooth muscle cell growth in vitro and in vivo (11) and may be of clini-
cal use in blocking neointimal formation in injured arteries, such as
occurs in restenosis following angioplasty.



transcribed mRNA and decreased cytomegalovirus-
driven Huntingtin protein expression in a cotransfec-
tion system (44). Fourth, a 9×9 DNAzyme directed to
the AUG start codon of human c-Myc cleaved its target
mRNA, blocked c-Myc expression, and inhibited pro-
liferation of an arterial smooth muscle cell line (40).
Finally, several DNAzymes targeting variants of bcr-abl
mRNA inhibited reporter expression in HeLa cells (45),
and suppressed protein expression and growth of
CD34+ bone marrow cells from patients with chronic
myeloid leukemia (46). 10-23 has recently been exploit-
ed in PCR-based strategies for the homogeneous ampli-
fication and quantification of nucleic acids in clinical
specimens. Todd et al. (47) have developed a method to
assay levels of serum K-ras DNA in patients with gas-
trointestinal malignancies using a real-time approach
in which reporter substrates are cleaved by amplicons
bearing active DNAzymes (47). These studies demon-
strate the therapeutic and diagnostic potential of
DNAzymes in diverse pathologic settings.

Egr-1 DNAzymes
Suppression of gene expression via antisense (catalytic
or noncatalytic) means would be predicted to be more
efficient if the target mRNA and protein are short-
lived. Egr-1 mRNA and protein have relatively short
half-lives of less than 1 and 2 hours, respectively (48).
Insights into the functional roles of Egr-1 in arterial
smooth muscle cells came initially from experiments
using conventional antisense oligonucleotides direct-
ed to the Egr-1 start codon or to a sequence encoding
one of the crucial zinc fingers that are required for Egr-
1 DNA-binding (49). These oligomers, which do not
form G-quartets, block the inducible synthesis of Egr-
1 protein in a sequence-specific manner (49), and they
inhibit DNA synthesis and cell replication, apparently
without cytotoxicity (49). We used these oligonu-

cleotides to show that Egr-1 is required for smooth
muscle cell and endothelial cell recovery after mechan-
ical injury to these cells in culture (15, 49).

We recently generated a DNAzyme targeting the
A816U817 junction at the start codon of rat Egr-1. This
DNAzyme was of the 9×9 subtype and carried a 3′ ,3′-
linked inverted thymidine for improved stability (Fig-
ure 2). The Egr-1 DNAzyme, as expected, cleaved a
short synthetic Egr-1 RNA substrate and in vitro tran-
scribed mRNA of various length in a sequence-specific
manner (11). Confocal microscopy using a fluores-
cently tagged form of this DNAzyme revealed that it
localized within smooth muscle cell nuclei in a
sequence-independent fashion. The DNAzyme inhib-
ited endogenous Egr-1 mRNA and protein synthesis
and blocked smooth muscle cell proliferation in a
reversible manner (11). Substitution of the G at posi-
tion 6 with a C in the catalytic core, a mutation that
abolishes its enzymatic activity (37), reduced its ability
to inhibit proliferation. The residual activity was most
likely due to noncatalytic antisense mechanisms.

As with Egr-1 antisense oligonucleotides, this
DNAzyme suppressed the reparative response to injury
in vitro. Fluorescently tagged DNAzymes localized
within the rat carotid artery wall after adventitial deliv-
ery and inhibited the induction of Egr-1 in the vessel
wall shortly after injury without affecting levels of Sp1
(11). Moreover, the DNAzyme blocked neointimal
thickening 14 days after balloon injury and adventitial
delivery in pluronic gel (11). This study was the first to
demonstrate DNAzyme efficacy in vivo, and it con-
firmed the significance of Egr-1 as a target in vascular
disease, as well as the promise of catalytic DNAs for
probing the functions of genes in vivo. Since smooth
muscle cell hyperplasia underlies in-stent restenosis in
humans (50), Egr-1 DNAzymes, re-engineered to cleave
and block human EGR-1 expression, may be useful as
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Table 4
DNAzymes as inhibitors of gene expression

Target RNA Cell type Arm length Modification Reference

CCR5 HeLa 7×7 Unmodified (38)
HIV-1 env HeLa 7×7 Unmodified (39

U87 7×7 Unmodified (43)
Huntingtin HEK293 8×8 3′-3′ inversion (44)
c-myc SMC 7×7–9×9 3′-3′ inversion (40)
Egr-1 SMC 9×9 3′-3′ inversion (11)
(NGFI-A)
bcr-abl BV173 8×8–15×15 2′-O-methyl cap (45)

HeLa
CD34+ 12×6 Phosphorothioate (46)

CML bone cap
marrow

K562 12×6 Phosphorothioate (46)
cap

SMC, smooth muscle cell; CML, chronic myelogenous leukemia.



inhibitors of smooth muscle cell proliferation in
endovascular strategies adjunct to stents. Similar
strategies should allow catalytic DNA to be applied in
other pathologic settings.

Concluding remarks
Catalytic molecules composed entirely of DNA repre-
sent a new class of sequence-specific molecular tools
with gene therapeutic potential based on Watson-Crick
base-pairing. DNAzymes have considerable advantages
over ribozymes in that they are easier to synthesize and
less sensitive to chemical and enzymatic degradation
than RNA-based reagents. They also exhibit greater cat-
alytic efficiency than conventional hairpin and ham-
merhead ribozymes. Their size and capacity to form
stable DNA-RNA heteroduplexes facilitate efficient tar-
get accessibility and efficacy, given the complex sec-
ondary structure of RNA. Factors likely to influence
the eventual therapeutic use of DNAzymes include its
efficient cellular uptake, subcellular localization, sta-
bility, as well as local divalent cation concentration. An
important challenge in antirestenotic strategies using
DNAzymes is the efficient delivery of the molecule to
its intended site of action. The focal nature of resteno-
sis and the capacity to deliver agents endoluminally via
catheters and nucleic acid–coated or –impregnated
stents provide a useful starting point for the clinical use
of DNAzymes.
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